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ABSTRACT 
Numerical investigation on thermodynamic characteristics of pure supercritical carbon 
dioxide (𝑆𝐶𝑂2) and mixtures of Helium and 𝑆𝐶𝑂2 in horizontal straight tubes with 
diameter of 6mm under cooling and heating conditions is carried out by using SST 𝑘 − 𝜔 
turbulence model. The computations are conducted at operating pressure of 8MPa with 
various operating conditions. Simulations are conducted by using the latest poly-hexcore 
mesh method in ANSYS FLUENT 19.2 and tetrahedral mesh method in CFX 19.2, 
results and solving time are compared. The effect of heat flux, mass flux, inlet 
temperature and buoyancy on heat transfer performance are studied, pressure drop and 
friction factor are analyzed and validated against previous correlations, the sensitivity of 
six different reference temperature settings in heat transfer coefficient calculation and 
five different lengths of adiabatic section after outlet are compared.  
The results indicate that heat transfer coefficient increases with decreasing heat flux and 
increasing mass flux, wall temperature on the bottom surface decreases much faster than 
that on the top surface. Variations in heat transfer coefficient is about 10% between 
different reference temperature settings. Three buoyancy criteria is applied and compared 
in numerical results, which is not accurate enough to predict the onset of the buoyancy 
effect. There is no peak exist in heat transfer coefficient curve for Helium and 𝑆𝐶𝑂2 
mixture, heat transfer coefficient increases with the increasing of Helium mass fraction. 
It is recommended to further investigate the influence in different reference temperature 
settings under various operating conditions and to improve the accuracy of current 
buoyancy effect criteria.  
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1. Introduction 
Working fluids with highly temperature-dependent properties, especially water, 
helium and carbon dioxide, have been applied to industry during the past decades due to 
their excellent heat transfer performance, such applications include nuclear reactors, 
high-pressure steam power plants, refrigeration and heat pump cycles (Dostal, Driscoll & 
Hejzlar, 2004; Turchi, Ma, Neises & Wagner, 2013; Ma, Liu & Tian, 2013). 
 In recent years, these supercritical fluids have been applied to more areas, for 
example, supercritical hydrogen is used as a fuel for chemical and nuclear rockets (Ji, 
Sun, Li, Lang & Shi, 2013), liquid hydrocarbon coolants and fuels are employed at 
supercritical pressure in the cooling jacket of liquid rocket engines (Ricci, Battista, 
Ferraiuolo, Salvatore & Fragiacomo, 2015). The investigation of the usage of 
supercritical water as a coolant in nuclear reactor starts from 1960s (Swenson, Carver & 
Kakarala, 1965; Ackerman, 1970; Yamagata, Nishikawa, Hasegawa, Fujii & Yoshida, 
1972; Chrastil, 1982), it is used as a green solvent, including oxidation of hazardous 
material and conversion of biomass into fuels. However, the critical temperature and 
pressure of water are 647K and 221MPa respectively, much higher than carbon dioxide, 
which leads to more complex design, more energy and capital consumption in industry 
application. 
As shown in Table 1.1, the thermophysical properties variation in the vicinity of the 
critical conditions of air, water and carbon dioxide are calculated and compared. The 
critical point for carbon dioxide which are 304.25K and 7.39 MPa is chosen as the 
baseline condition, which is the lowest and easiest to achieve. At critical temperature and 
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pressure, carbon dioxide gives the largest variations in its properties, with huge increment 
in density and specific heat. 
 
Table 1.1  
Thermophysical properties variation near critical points for air, water and 𝐶𝑂2 
Substance Condition Density Specific 
heat 
Thermal 
conductivity 
Viscosity 
Air 304.25K, 1atm 1.1602 1.0068 26.299 18.784 
304.25K, 7.39MPa 85.194 1.1191 29.798 20.214 
Change 7243% 11% 13% 8% 
Water 304.25K, 1atm 995.31 4.1796 616.05 778.9 
304.25K, 7.39MPa 998.53 4.1605 620 778.96 
Change 0.32% -0.46% 0.64% 0.01% 
𝐶𝑂2 304.25K, 1atm 1.7711 0.85668 17.135 15.227 
304.25K, 7.39MPa 389.63 127.23 132.91 27.789 
Change 21899% 14751% 675% 83% 
 
 
Figure 1.1  Carbon dioxide pressure-temperature phase diagram (Yamamoto, Furusawa 
& Matsuzawa, 2011) 
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Supercritical carbon dioxide (𝑆𝐶𝑂2) is a fluid state of carbon dioxide (𝐶𝑂2) where it 
is held at or above its critical temperature and pressure. 𝐶𝑂2 is a colorless and odorless 
gas consisting of a single carbon atom connected with two double bonded oxygen atoms. 
In a phase diagram, the critical point is the point at which two phases of a substance 
become inseparable from one another. 𝑆𝐶𝑂2 exists when 𝐶𝑂2 is held at or above its 
critical temperature (𝑇௖) and critical pressure (𝑃௖) points, which are 304.25K and 
7.39MPa, as shown in Figure 1.1. 
𝑆𝐶𝑂2 is a sustainable green extraction solvent as well as a highly promising reaction 
medium. In the food industry, decaffeination of coffee (Park et al., 2007) is realized with 
the help of 𝑆𝐶𝑂2. In cosmetic industry, antioxidant can be selectively extracted by using 
𝑆𝐶𝑂2 (Murga, Ruiz, Beltrán & Cabezas, 2000). In polymer and plastics industries, 𝑆𝐶𝑂2 
reduces the glass transition temperature, improves the properties of polymers, such as 
resistance, thermal stability and purity. In textile industry, 𝑆𝐶𝑂2 is used as an alternative 
to chlorinated solvents in dry-cleaning process (Cooper, 2000). In waste treatment field 
(Li & Xu, 2019), Supercritical Water Oxidation (SCWO) is a high pressure, high 
temperature process with high space-time yield to destroy organic hazardous compounds 
present in industrial waste, which will form water and carbon dioxide. 
The thermophysical properties of 𝑆𝐶𝑂2 vary rapidly in the vicinity of the pseudo-
critical temperature, which makes the heat transfer analysis complicated in this region. 
However, under fixed pressure, the existence of the peaks in specific heat and thermal 
conductivity near pseudo-critical temperature makes 𝑆𝐶𝑂2 one of the most promising 
working fluids in power generation, the 𝑆𝐶𝑂2 Brayton cycle (Conboy et al., 2012; Dostal 
et al., 2006). When the inlet temperature is mild, between 450-650℃, 𝑆𝐶𝑂2 power cycle 
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has higher efficiency and compactness (Ahn et al., 2015). Furthermore, 𝐶𝑂2 is stable, 
non-toxic and low-cost, which is favored by industry. 
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2. Literature Review 
DXring Whe 1930¶s, SchmidW (Schmidt, Eckert & Grigull, 1946) was the first showed 
interest in the heat transfer to supercritical fluids. He proposed the effect of free 
convection would be enhanced by the combination of density and temperature changes in 
critical region. In the early heat transfer studies, variations near the local peaks in 
thermophysical properties were ignored. For example, there exists an evident peak in 
thermal conductivity near pseudo-critical temperature, but this was not taken into account 
due to the computation ability at that time (Pioro, Khartabil & Duffey, 2004), the 
correlations in the published work were affected by the variations in the vicinity of 
critical points. Improved empirical correlations for supercritical fluids heat transfer 
calculation were developed to account for thermophysical property variations by adding 
correction terms (Liao & Zhao, 2002; Duffey & Pioro, 2005; Li, Jiang, Zhao & Zhang, 
2010). Vesovic et al. (1990) combined the theoretical calculation and experimental data, 
developed a set of equations to calculate viscosity and thermal conductivity. They 
provided a comparison of data calculated by their equations, proving that their results fall 
in 5% error of the experimental data.  
The convection heat transfer of supercritical fluids in basic geometries have been 
studied in the past decades. Many correlations have been presented for free, forced and 
mixed convection under both heating and cooling conditions. Smooth circular tube with 
vertical orientation has been substantially investigated mainly due to its applications in 
industry, especially in nuclear reactor design from the 1960s (Shiralkar & Griffith, 1969; 
KondraW¶eY, 1971; ProWopopoY & Silin, 1973). Fewster (1976) conducted heat transfer 
experiments for turbulent 𝑆𝐶𝑂2 flow in vertical circular tube, he found that three types of 
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heat transfer can be seen: normal heat transfer, enhanced heat transfer (HTE) and 
deteriorated heat transfer (HTD), where the heat transfer coefficient value from normal 
heat transfer is the standard to compare with. HTD is a bad heat transfer performance, 
which may lead to heat transfer failure and some severe safety problems. Jackson (2013) 
stated that the HTD was because of acceleration effect and buoyancy effect. Acceleration 
effect was caused by the change in shear stress due to axial density gradient, buoyancy 
effect was triggered by change in shear stress due to radial density gradient. Various 
𝑆𝐶𝑂2 experiments (Bae, Kim & Kang, 2010; Song, H. Y. Kim, H. Kim & Bae, 2008; 
Jiang, Zhang, Zhao & Shi, 2008) were carried out by changing operation conditions in a 
wide range, such as heat flux, mass flux, operating pressure, inlet temperature, flow 
orientations and tube geometry. The results showed that HTD occurred when 𝑆𝐶𝑂2 flow 
was moving upward, vertical circular round tube with larger diameters susceptible to 
have a lower heat transfer coefficient.  
The general conclusions were that increasing mass flux would lead to better heat 
transfer performance due to better turbulence diffusion (Yoon et al.,2003; Dang & 
Hihara, 2004; Cheng, Ribatski & Thome, 2008; Liu, He, Yang & Fei, 2014). When the 
operating pressure decreased, the summit of heat transfer coefficient value increased at a 
lower temperature. Jiang et al. (2009) numerically and experimentally explored the 
convection heat transfer of 𝑆𝐶𝑂2 flow under cooling condition in a vertical tube with 
diameter of 2mm. They found local heat transfer coefficient increment was due to the 
increase of the specific heat and turbulence kinetic energy for upward flow. Liao and 
Zhao (2002) conducted experiments investigated the heat transfer of 𝑆𝐶𝑂2 flow in 
different flow directions under heating conditions, gave the statement that the heat 
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transfer was enhanced for upward flow and horizontal flow, but was deteriorated around 
pseudo-critical point for downward flow. However, some contradictions were found 
(Kim et al., 2008; D. E. Kim & M. H. Kim, 2011) that when mass flux was low and heat 
flux was moderate, wall temperature and heat transfer were deteriorated for upward tube 
flow.  
In recent years, with the development of design and optimization of gas cooler and 
internal heat exchanger, many experiments have been done on heat transfer analysis of 
horizontal tube under cooling and heating conditions. Liao and Zhao (2002) conducted an 
experiment by using smaller inner diameter circular tubes (0.7-2.16mm) to analyze 
cooling heat transfer performance in horizontal orientation. They concluded that 
buoyancy effect caused Nusselt number variations in different diameter tubes and large 
deviation between presented data by older researchers and their experimental data. New 
correlations were proposed considering the effect of buoyancy. Dang and Hihara (2004) 
experimentally and numerically investigated the influence of operating parameters such 
as heat flux, mass flux, inner diameter and pressure on heat transfer coefficient and 
pressure drop of horizontal cooling tubes. They found that pressure drop increased with 
the increment of mass flux. Pseudo-critical temperature plays an important role during 
analyzing the effect of pressure. A modified Gnielinski correlation was developed by 
selecting different temperature references.  
To improve the overall heat transfer performance for 𝑆𝐶𝑂2 horizontal flow in tubes, 
different experimental and numerical studies were conducted. Yang et al (2013) found 
that horizontal flows showed the highest heat transfer coefficient when different 
inclination angles were set and measured. Li et al (2019) performed numerical study of 
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𝑆𝐶𝑂2 flow in horizontal cylindrically concaved tubes, presented the conclusions that heat 
transfer coefficient was improved by 19-27% than that of horizontal circular tubes, 
friction factor decreased by 1.7-7.6% under the same conditions. However, the empirical 
correlation was not applicable to their experiment.  
In the vicinity of critical region, density changes dramatically, which generates 
buoyancy resulting different heat transfer performances. Adebiyi and Hall (1976) 
conducted heat transfer experiments of 𝑆𝐶𝑂2 flow in horizontal heated tube with inner 
diameter of 22mm. The results showed that at the same axial location, the wall 
temperature distribution varied, the upper wall temperature was higher than that on the 
lower wall. The results were compared with empirical data but the buoyancy effect was 
not considered, and they found that heat transfer performance deteriorated duo to the 
buoyancy force. Back in the 1960s, Schnurr (1696) and Petukhov (1974) found the 
similar temperature difference between top and bottom walls in a tube with diameter of 
2.6mm. Tanimizu and Sadr (2016) performed experiments on heat transfer performance 
of 𝑆𝐶𝑂2 flow in horizontal pipe, validated and compared the applicability of three 
buoyancy criteria and concluded that 𝐺𝑟/𝑅𝑒2is better than Jackson¶s bXo\anc\ criWerion.  
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3. Objectives 
In this section, problem statement, objectives and outcomes of this research will be 
discussed. Supercritical carbon dioxide (𝑆𝐶𝑂2) power cycles have enormous potentials in 
many systems for their high efficiency and compact size. This research is conducted 
driven by the interest in the related field. 
3.1. Problem Statement 
Gas properties change drastically in the near-critical region, leading to many 
challenges in local heat transfer performance. So far, many simulations are conducted by 
using different geometries and applying various modeling parameters to explore 
convective heat transfer performance and buoyancy effect of 𝑆𝐶𝑂2 in vertical heating 
condition, with a primary focus on averaged or discrete measurements. It is necessary to 
analyze the local convection heat transfer characteristics and compare them to the 
established trends for subcritical flows for design and optimize heat exchangers in carbon 
dioxide Brayton cycles. 
3.2. Objectives 
To validate computational methods in Conduct 3D simulations in ANSYS CFX and 
ANSYS FLUENT by comparing results to examples from the literature; to examine the 
local convection heat transfer performance in both heating and cooling conditions and 
compare the difference; to investigate the impact of reference temperature in heat transfer 
coefficient calculation under cooling condition to improve prediction methodologies and 
to evaluate the effect of Helium mixed in 𝑆𝐶𝑂2 on heat transfer behavior. 
3.3. Outcomes 
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The local convection heat transfer characteristics of 𝑆𝐶𝑂2 flowing in a circular tube 
with varying heat flux, inlet mass flux and temperature will be identified. Detailed 
numerical result differences between ANSYS CFX and FLUENT will be compared, the 
impact of different mass fraction of Helium and 𝑆𝐶𝑂2 mixture on heat transfer 
performance will be quantified. 
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4. Methodology 
In this section, thermophysical property variations of supercritical carbon dioxide will 
be introduced first, which gives the background of the research. Different simulation 
settings are developed, conducted, compared and discussed. To find out the better 
solution, both ANSYS CFX and FLUENT are used. 
4.1. Thermophysical Properties of 𝑪𝑶𝟐 
In this section, the thermophysical properties for this research will be discussed. The 
thermophysical properties are crucial in calculating heat transfer coefficient. These 
properties include specific heat, thermal conductivity, density and viscosity. 
4.1.1. Thermophysical Property Variations of 𝑪𝑶𝟐 in Critical Region 
In the critical region, specific heat, thermal conductivity, density and viscosity display 
drastic variations, as shown below in Figure 4.1. Under a fixed pressure, peaks of specific 
heat and thermal conductivity are found in this region in the vicinity of the pseudo-
critical temperature (𝑇𝑝௖), the viscosity and density decrease sharply with the increase of 
temperature, especially close to pseudo-critical temperature. When the temperature 
changes away from the critical pressure and temperature, the variation in properties 
becomes less severe. The reductions in thermal conductivity, density and viscosity are 
dXe Wo Whe sWaWe change from ³liqXid-like´ region Wo ³gas-like´ region. The spike in 
specific heat is due to 𝐶𝑝 changes towards infinity, where 𝑇𝑝௖ can be seen clearly. These 
sharp thermophysical property variations with temperature and pressure lead to the 
complicated heat transfer analysis. 
 
     12 
 
Figure 4.1  Thermal-physical properties of 𝑆𝐶𝑂2 at P=8Mpa 
 
Figure 4.2  Thermal conductivity versus temperature 
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Figure 4.3  Viscosity versus temperature 
 
Figure 4.4  Specific heat versus temperature 
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Figure 4.5  Density versus temperature 
 
4.2. Modeling Setup 
 In this section, physical model, governing equations and operating and boundary 
conditions for ANSYS CFX and FLUENT will be discussed in detail. 
4.2.1. Physical Model Description 
A straight tube with circular cross section shape is employed to study the heat transfer 
and flow characteristics of 𝑆𝐶𝑂2, shown in Figure 4.6. Due to the effect of buoyancy, 
temperature and velocity distribution will be asymmetric, a 3-D physical model is 
applied. The diameter of the tube is set as 6mm, following the experiments conducted by 
Dang and Hihara (2004). To eliminate the entrance effect, one adiabatic section is set at 
the inlet region, whose length is fixed at 200mm with a diameter of 6mm. The thermally 
active region is fixed at the length of 500mm with constant wall heat flux boundary 
conditions. The origin of the coordinate is set at the inlet, the positive x direction is set to 
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be the opposite of inflow direction, and positive y direction is set to be the opposite 
direction of gravity.  
 
 
Figure 4.6  Geometry of model 
 
4.2.2. Governing Equations  
In the research, steady state conditions are assumed, the heat loss to the environment 
is neglected. The continuity, momentum and energy equations are described as follows:  
(Menter, 1994; Garg & Ameri, 2001; Guo, Xu & Cheng, 2010): 
Continuity equation: 
∂ሺ𝜌𝑢𝑖ሻ
∂𝑥𝑖
= 0 
(1) 
Momentum equation: 
∂(𝜌𝑢𝑖𝑢௝൯
∂𝑥𝑖
= −
∂P
∂𝑥𝑖
+
∂
∂𝑥௝
ቈሺ𝜇 + 𝜇𝑡ሻ ቆ
∂𝑢𝑖
∂𝑥௝
+
∂𝑢௝
∂𝑥𝑖
ቇ −
2
3
ሺ𝜇 + 𝜇𝑡ሻ
∂𝑢𝑘
∂𝑥𝑘
቉ + 𝜌𝑔𝑖 
(2) 
Energy Equation: 
∂(𝜌𝑢𝑖𝐶𝑝𝑇൯
∂𝑥𝑖
=
∂
∂𝑥𝑖
ቈ(
𝜇
𝑃𝑟
+
𝜇𝑡
𝑃𝑟𝑡
൰
∂ሺ𝐶𝑝𝑇ሻ
∂𝑥𝑖
቉ 
(3) 
where 𝜌 is density, 𝜇 is dynamic viscosity, 𝜇𝑡 is turbulence viscosity, 𝐶𝑝 is specific 
heat at constant pressure, 𝑃𝑟 is Prandtl number and 𝑃𝑟𝑡 is turbulent Prandtl number.  
The Shear Stress Transport (SST) 𝑘 − 𝜔 turbulence model is used, which integrates 
the robustness of 𝑘 − 𝜔 model close to the boundary layer with a high Reynolds number 
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𝑘 − 𝜀 model, with has good accuracy in the region far from the wall. The transport 
equations for turbulence kinetic energy 𝑘 and specific dissipation rate 𝜔 are as follows: 
Turbulent kinetic energy: 
∂
∂t
ሺ𝜌𝑘ሻ +
∂
∂𝑥𝑖
ሺ𝜌𝑘𝑢𝑖ሻ =
∂
∂𝑥௝
ቆΓ 𝑘
∂k
∂𝑥௝
ቇ + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘 
(4) 
Specific dissipation rate: 
∂
∂t
ሺ𝜌𝜔ሻ +
∂
∂𝑥𝑖
ሺ𝜌𝜔𝑢𝑖ሻ =
∂
∂𝑥௝
ቆΓ 𝜔
∂𝜔
∂𝑥௝
ቇ + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔 
(5) 
where the term Γ 𝑘 andΓ 𝜔 represenW Whe effecWiYe diffXsiYiW\ of k and Ȧ respecWiYel\, 
𝐺𝑘 represents the production of k, 𝐺𝜔 is the generation of 𝜔, the term 𝑌𝑘 and 𝑌𝜔 represent 
the dissipation of k and 𝜔 due to turbulence, 𝑆𝑘 and 𝑆𝜔 are user-defined source terms, the 
term 𝐷𝜔 represents the cross-diffusion term. 
4.2.3. Operating and Boundary Conditions 
Mass flow inlet and pressure outlet boundary types are applied. The simulation 
operating conditions are set as follows: tube diameter 𝑑 = 6𝑚𝑚, operating pressure 𝑝 =
8 𝑀𝑝𝑎, inlet temperature falls in the range of 25℃ to 60 ℃, inlet mass flux 𝐺 =
200 𝑘𝑔 𝑚2𝑠⁄ , constant heat flux applied on the wall 𝑞 = −12000 𝑊 𝑚2⁄  under cooling 
condition and 𝑞 = 12000 𝑊 𝑚2⁄  under heating condition.  
4.3. First Numerical Method - ANSYS CFX 
ANSYS CFX is a popular computational fluid dynamics (CFD) software suite that 
combines solver with pre- and post-processing capabilities. CFX is adopted at the 
beginning of this research due to the use of tetrahedral topology, which is widely used in 
the research of 𝑆𝐶𝑂2.  
4.3.1. Real Gas Property Table Setup 
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In the beginning of the research, a problem appears: carbon dioxide is far from an 
ideal gas, there is no exact equation describing the relationship between the properties, 
such as pressure, temperature, volume and density. To solve this problem, equations of 
state (EOS) are developed. EOS is a thermodynamic equation describing the relation 
between different properties of one substance under fixed physical conditions. However, 
all the EOSs have certain applicable range, the relations near critical point is fundamental 
for the research, and often gives large deviations. To solve this problem, the real gas 
properties (RGP) table is implemented, shown in Table 4.1, which includes the 
thermophysical properties of specific heat, thermal conductivity, density and viscosity. 
The fluid properties given in RGP tables are imported from the NIST REFPROP Version 
9.1 (Lemmon, Huber & McLinden, 2010) database, which employs the EOS presented by 
Span and Wagner (1996). The Span±Wagner equation of state was specifically developed 
for carbon dioxide, which covers the fluid region from the triple-point temperature up to 
1100K and pressures up to 800MPa. 
RGP table covers the ranges of 290±330 K and 3.6±11.6 MPa for temperature and 
pressure, respectively. The range and resolution of the RGP table in simulation affects the 
result, for example, if temperature or pressure is out of range, the solver will extrapolate 
or clip from the existing range, which causes instabilities and divergence in the 
simulation. To solve this problem, several RGP look-up tables are created with variations 
in temperature and pressure range, as well as resolution.  
In order to determine the required resolution of the RGP table, a brief study was 
carried out. The rgp 27 and rgp 10 are initially created with the same pressure range and 
resolution but two different temperature ranges, as shown below. After being tested, 
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temperature is out of range, so rgp N27 and rgp N10 are created, with larger temperature 
ranges, following the same naming method. When finish testing for the second time, 
pressure is out of range. To test the working range of pressure and then resolution, rgp 
LR500 and rgp LR1000 are created. Finally, the applicable range of pressure and 
temperature are found, rgp LR1000 is adopted. 
 
Table 4.1  
RGP Table 
 Tmin Tmax Pmin Pmax Resolution 
rgp 27 540.27 °𝑅 
27 ℃ 
560.07 °𝑅 
38 ℃ 
1160.1569 PSIA 
7.999 MPa 
1160.4469 PSIA 
8.001 MPa 
500*500 
rgp 10 509.67 °𝑅 
10 ℃ 
560.07 °𝑅 
38 ℃ 
1160.1569 PSIA 
7.999 MPa 
1160.4469 PSIA 
8.001 MPa 
500*500 
rgp N27 
(N: New) 
540.27 °𝑅 
27 ℃ 
599.67 °𝑅 
60 ℃ 
1145.8 PSIA 
7.9 MPa 
1174.81 PSIA 
8.1 MPa 
1000*1000 
rgp N10 
(N: New) 
509.67 °𝑅 
10 ℃ 
599.67 °𝑅 
60 ℃ 
1145.8 PSIA 
7.9 MPa 
1174.81 PSIA 
8.1 MPa 
1000*1000 
rgp LR500 
(LR: Large 
Range) 
509.67 °𝑅 
10 ℃ 
599.67 °𝑅 
60 ℃ 
1160.1569 PSIA 
7.999 MPa 
1160.4469 PSIA 
8.001 MPa 
500*500 
rgp 
LR1000 
(LR: Large 
Range) 
509.67 °𝑅 
10 ℃ 
599.67 °𝑅 
60 ℃ 
1160.1569 PSIA 
7.999 MPa 
1160.4469 PSIA 
8.001 MPa 
1000*1000 
 
4.3.2. Domain Settings 
The computational domain is geometrically constructed using Solidworks 2018 to 
represent the three-dimensional 700mm circular horizontal tube. After geometry creation, 
ANSYS FLUENT meshing mode is turned on and Solidworks geometry file is imported.  
Tetrahedral mesh is implemented in mesh generation, shown in Figure 4.7. 
Tetrahedral is a popular choice for discretization of three-dimensional domains, with the 
fact that the faces of tetrahedra are plane segments, both face and volume centroid 
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locations are well defined. Tetrahedral meshes are relatively easy to setup automatically, 
their use is often standard practice in automatic mesh generation and they are used by all 
major CFD software tools. 
 
 
Figure 4.7  (a) A sample of tetrahedral domain (b) Detailed view of boundary layers 
 
To determine the optimal y+ value, various meshing parameters in surface mesh, 
volume mesh and volume settings are tested. To set up the baseline case, minimum size 
and maximum size of the mesh are set to be 0.01 and 0.08 respectively. Growth rate is 
1.2, curvature normal angle is 18, number of boundary layer is 5 and maximum cell 
length is 0.2. By varying the parameters, multiple meshing cases are created and tested in 
CFX, as shown in Table 4.2. 
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Table 4.2  
CFX Meshing Cases 
 
 
The baseline case is named as N4, highlighted by yellow color. To investigate the 
impact of maximum cell length, case N5 is created by varying the maximum cell length 
only. To explore the effect of number of boundary layer, case N6, N7, N8, N20 and N21 
are created by changing the number of boundary layer only. Similarly, cases N9 and N10, 
N11 and N12 are created to determine the influence of growth rate and curvature normal 
angle. N13, N14 and N16 are created by applying a smaller growth rate, as long as 
changing the number of boundary layer. N17, N18 and N22 are created by using a 
smaller maximum size to make a finer mesh. To simplify the testing situations, inlet 
temperature is set as 36 degree Celsius, which is close to pseudo-critical temperature. The 
simulations are deemed converged when all residuals reach a value of 10−6 or less. 
4.3.3. Mesh Independent Study 
  Surface Mesh Volume mesh Volume Settings  
Inlet 
Temp. 
[C] 
Case# Min.  
Size 
Max.  
Size 
Growth 
Rate 
Curvature 
Normal 
Angle 
BL 
# Of 
Layers 
Transition 
Ratio 
BL 
Growth 
Rate 
Fill 
With 
Growth 
Rate 
Max Cell 
Length 
 
 
 
 
 
 
 
 
 
 
   36 
N4 0.01 0.08 1.2 18 5 0.272 1.2 Tetrahedral 1.2 0.2 Baseline 
N5 0.01 0.08 1.2 18 5 0.272 1.2 Tetrahedral 1.2 0.17  
N6 0.01 0.08 1.2 18 7 0.272 1.2 Tetrahedral 1.2 0.2  
N7 0.01 0.08 1.2 18 10 0.272 1.2 Tetrahedral 1.2 0.2  
N8 0.01 0.08 1.2 18 15 0.272 1.2 Tetrahedral 1.2 0.2  
N9 0.01 0.08 1.05 18 5 0.272 1.2 Tetrahedral 1.2 0.2  
N10 0.01 0.08 1.3 18 5 0.272 1.2 Tetrahedral 1.2 0.2  
N11 0.01 0.08 1.2 15 5 0.272 1.2 Tetrahedral 1.2 0.2  
N12 0.01 0.08 1.2 21 5 0.272 1.2 Tetrahedral 1.2 0.2  
N13 0.01 0.08 1.05 18 10 0.272 1.2 Tetrahedral 1.2 0.2  
N14 0.01 0.08 1.05 18 15 0.272 1.2 Tetrahedral 1.2 0.2  
N15 0.01 0.08 1.2 18 15 0.272 1.2 Tetrahedral 1.2 0.1  
N16 0.01 0.08 1.05 18 15 0.272 1.2 Tetrahedral 1.2 0.1  
N17 0.01 0.1 1.2 18 5 0.272 1.2 Tetrahedral 1.2 0.2  
N18 0.01 0.1 1.2 18 15 0.272 1.2 Tetrahedral 1.2 0.2  
N19 0.01 0.08 1.2 18 15 0.272 1.2 Tetrahedral 1.2 0.08  
N20 0.01 0.08 1.2 18 18 0.272 1.2 Tetrahedral 1.2 0.2  
N21 0.01 0.08 1.2 18 20 0.272 1.2 Tetrahedral 1.2 0.2  
N22 0.01 0.1 1.2 18 20 0.272 1.2 Tetrahedral 1.2 0.2  
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Mesh quality has a great impact on the accuracy of numerical models. The target 
parameter should be proven to be independent of number of nodes such that there is no 
influence of discretization. In order to ensure the accurate variations of properties and 
other parameters in the near-wall region, the distance from first mesh layer to the wall 
must be small enough, which means the dimensionless wall distance y+ should be less 
than unity. 
All the cases are conducted in CFX and have the results shown in Table 4.3. The 
cases are separated into three groups, labeled by using blue, green colors and original no 
color. The same label color represents the same result from CFX, which means the 
meshing parameWers changed preYioXsl\ don¶W affecW Whe resXlW in Whe same color groXp. 
 
Table 4.3  
CFX Meshing Result 
 
 
  Surface Mesh Volume mesh Volume Settings  
Inlet 
Temp. 
[C] 
Case# Min.  
Size 
Max.  
Size 
Growth 
Rate 
Curvature 
Normal 
Angle 
BL 
# Of 
Layers 
Transition 
Ratio 
BL 
Growth 
Rate 
Fill 
With 
Growth 
Rate 
Max Cell 
Length 
 
 
 
 
 
 
 
 
 
 
36 
N4 0.01 0.08 1.2 18 5 0.272 1.2 Tetrahedral 1.2 0.2 Baseline 
N5 0.01 0.08 1.2 18 5 0.272 1.2 Tetrahedral 1.2 0.17  
N6 0.01 0.08 1.2 18 7 0.272 1.2 Tetrahedral 1.2 0.2  
N7 0.01 0.08 1.2 18 10 0.272 1.2 Tetrahedral 1.2 0.2  
N8 0.01 0.08 1.2 18 15 0.272 1.2 Tetrahedral 1.2 0.2  
N9 0.01 0.08 1.05 18 5 0.272 1.2 Tetrahedral 1.2 0.2  
N10 0.01 0.08 1.3 18 5 0.272 1.2 Tetrahedral 1.2 0.2  
N11 0.01 0.08 1.2 15 5 0.272 1.2 Tetrahedral 1.2 0.2  
N12 0.01 0.08 1.2 21 5 0.272 1.2 Tetrahedral 1.2 0.2  
N13 0.01 0.08 1.05 18 10 0.272 1.2 Tetrahedral 1.2 0.2  
N14 0.01 0.08 1.05 18 15 0.272 1.2 Tetrahedral 1.2 0.2  
N15 0.01 0.08 1.2 18 15 0.272 1.2 Tetrahedral 1.2 0.1  
N16 0.01 0.08 1.05 18 15 0.272 1.2 Tetrahedral 1.2 0.1  
N17 0.01 0.1 1.2 18 5 0.272 1.2 Tetrahedral 1.2 0.2  
N18 0.01 0.1 1.2 18 15 0.272 1.2 Tetrahedral 1.2 0.2  
N19 0.01 0.08 1.2 18 15 0.272 1.2 Tetrahedral 1.2 0.08  
N20 0.01 0.08 1.2 18 18 0.272 1.2 Tetrahedral 1.2 0.2  
N21 0.01 0.08 1.2 18 20 0.272 1.2 Tetrahedral 1.2 0.2  
N22 0.01 0.1 1.2 18 20 0.272 1.2 Tetrahedral 1.2 0.2  
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After conducting all the cases listed above, different numerical results are grouped, 
combined and refined. Table 4.4 shows the refined six different grid systems with the 
heat transfer coefficient values. 
To visualize the relation between average heat transfer coefficient and number of 
nodes in six different cases, the tabulated data is applied in Figure 4.8. 
 
Table 4.4  
CFX Refined Meshing Cases 
 
 
 
Figure 4.8  Result of mesh independence test for CFX at inlet temperature of 36℃ 
 
The value of the heat transfer coefficient at the last mesh, which has the node number 
of 59M, is set as the baseline. The differences of the heat transfer coefficients under the 
Inlet 
Temperature
[ႏ]
Case#
Minimum  
Size
Maximum 
Size
Growth 
Rate
Number of 
Boundary  
Layers
Fill With
Max Cell 
Length
Number of 
Nodes
Dimensionless
Wall Distance 
y+
Heat Transfer 
Coefficient
[W/m²K]
Note
N4 0.01 0.08 1.2 5 Tetrahedral 0.2 36,483,704 1.891 4996.95 Baseline
N6 0.01 0.08 1.2 7 Tetrahedral 0.2 41,017,648 1.825 5090.54
N8 0.01 0.08 1.2 15 Tetrahedral 0.2 59,678,481 1.073 5199.74
N13 0.01 0.08 1.05 10 Tetrahedral 0.2 35,332,233 1.029 4944.95
N17 0.01 0.1 1.2 5 Tetrahedral 0.2 20,443,476 0.459 4856.55
N18 0.01 0.1 1.2 15 Tetrahedral 0.2 47,945,629 0.465 5202.86
36
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number of nodes of 20M, 35M, 36M, 41M, and 47M are 6.6%, 4.9%, 3.9%, 2.1% and 
0.06%, respectively. The dimensionless wall distance y+ numbers are shown in table 4.4. 
Base on this result, the mesh N18 with 47M number of nodes is adequately fine, is 
adopted for further heat transfer analysis. 
4.4. Second Numerical Method - ANSYS FLUENT 
ANSYS FLUENT is a commercial CFD code that implements the finite-volume 
method, the same numerical method implemented in CFX. Due to the long computational 
time consumed by CFX, the latest meshing method, poly-hexcore mesh is adopted and 
tested in FLUENT 19.2 version.  
4.4.1. Domain Settings 
The poly-hexcore mesh uses polyhedral elements in the transition zone with a 
hexahedral element core, providing the optimal combination of mesh elements. In CFD 
simulations, the poly-hexcore mesh improved solve time by 20 to 50 percent over a 
hexahedral core or polyhedral core mesh of the same accuracy. (Ozen Engineering Inc., 
2018). 
In mesh generation process, two new parameters are listed in FLUENT, which are the 
number of buffer layers and peel layers. When there is large change in size distribution 
between the boundary mesh and the initial cells, there will be a rapid transition from fine 
to coarser cells. To avoid this, buffer layer is applied. The peel layers control the gap 
between the core and the geometry. The default setting numbers of buffer layers and peel 
layers are used, which are 2 and 1, respectively. 
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Figure 4.9  (a) A sample of poly-hexcore domain (b) Detailed view of boundary layers 
 
In ANSYS FLUENT, thermophysical properties of 𝑆𝐶𝑂2 are calculated by using the 
NIST real gas models from the embedded NIST Standard Reference Database 
(REFPROP). Appropriate NIST real gas model need to be enabled by choosing single-
species flow or multi-species mixture. Different from creating and loading RGP files into 
CFX, text commands need to be typed at the ANSYS FLUENT console prompt. Once the 
species is confirmed, pressure and temperature ranges need to be typed in, followed by 
number of points for both ranges. In order to obtain precise properties and be consistent 
with CFX RGP file, 1000 points for both temperature and pressure ranges are applied.  
The Boussinesq Model is automatically applied when Energy and Gravity are 
enabled. When heat is added to a fluid and the fluid density varies with temperature, a 
flow can be induced due to the force of gravity acting on the density variations. Such 
buoyancy-driven flows are named natural-convection. To achieve faster convergence, the 
Boussinesq model treats density as a constant value in all solved equations, except for the 
buoyancy term in the momentum equation: 
ሺ𝜌 − 𝜌0ሻ𝑔 ≈ −𝜌0𝛽ሺ𝑇 − 𝑇0ሻ𝑔 (6) 
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where 𝜌0 is the density of the flow, 𝑇0 is the operating temperature and 𝛽 is the 
thermal expansion coefficient. In FLUENT Operating Conditions window shown below, 
Operating Temperature is set to be the same as the inlet temperature for each case. 
 
 
Figure 4.10  Operating Conditions in FLUENT window 
 
4.4.2. Mesh Independent Study 
From the knowledge obtained in CFX cases, only minimum size, maximum size and 
number of boundary layers will have an impact on the mesh, the meshing cases for 
FLUENT are created by varying these three parameters, shown in Table 4.5. No baseline 
is chosen, and meshing case N31 is the one tested with adiabatic section after the outlet, 
not showing here. 
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Table 4.5  
FLUENT Meshing Cases 
 
 
 
Figure 4.11  Result of mesh independence test for FLUENT at inlet temperature of 36℃ 
 
As shown in Figure 4.11, the heat transfer coefficient value at the last mesh, which 
has the node number of 21.5M, is set as the baseline. The differences of the heat transfer 
coefficients under the number of nodes of 13.7M, 16.5M, 18.0M, 19.0M, 20.1M and 
21.5M are 8.7%, 6.4%, 4.8%, 2.4% and 0.2%, respectively. Base on this result, the mesh 
N30 with 20.1M number of nodes is adequately fine, is adopted for further heat transfer 
analysis. 
4.4.3. Comparison of Two Numerical Methods 
Inlet 
Temperature
[ႏ]
Case#
Minimum  
Size
Maximum 
Size
Growth 
Rate
Number of 
Boundary  
Layers
Buffer 
Layer Peel Layer Fill With
Number of 
Nodes
Dimensionless
Wall Distance 
y+
Heat Transfer 
Coefficient
[W/m²K]
N29 0.05 0.2 1.2 10 2 1 Poly-hexcore 13,750,150 2.237 4724.34
N30 0.05 0.2 1.2 15 2 1 Poly-hexcore 20,190,977 0.402 5184.87
N32 0.1 0.2 1.2 10 2 1 Poly-hexcore 16,519,459 1.549 4843.35
N33 0.1 0.2 1.2 15 2 1 Poly-hexcore 18,060,823 1.212 4926.14
N34 0.8 0.2 1.2 10 2 1 Poly-hexcore 19,012,313 1.035 5050.33
N35 0.8 0.2 1.2 15 2 1 Poly-hexcore 21,591,842 0.391 5174.52
36
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The most noticeable difference between the two numerical software ANSYS CFX 
and FLUENT is the computational time. In this research, all the simulations are 
conducted through high performance supercomputer Vega on campus, which is 
composed of four-cabinet Cray CS400 with 3024 cores. The convergence criteria are set 
as 10−6 for residual target for both CFX and FLUENT. The average computational time 
for CFX cases is 160 hours but only 22 hours for FLUENT, 7.27 times faster. As we can 
see from Table 4.6 below, to achieve similar dimensionless wall distance y+, FLUENT 
uses lager minimum and maximum cell sizes, and more than 50% reduction in the total 
element count, which makes it size-efficient and saves computational time. 
From the result of heat transfer coefficient calculation, the difference between two 
numerical software is only 0.35%, which proved the accuracy. The overall comparison 
between Tetrahedral and Poly-hexcore mesh indicates that the Poly-hexcore mesh 
provides a significant advantage in the solver performance. 
 
Table 4.6  
Meshing Cases Comparison 
 
  
Case# Solver Fill with
Minimum  
Size
Maximum 
Size
Growth 
Rate
Number of 
Boundary 
Layers
Number of 
Nodes
Inlet 
Temperature
[ႏ]
Dimensionless
Wall Distance 
y+
Heat Transfer 
Coefficient
[W/m²K]
N18 CFX Tetrahedral 0.01 0.1 1.2 15 47,945,629 36 0.465 5202.86
N30 FLUENT Poly-hexcore 0.05 0.2 1.2 15 20,190,977 36 0.402 5184.87
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5. Result and Discussion 
In this section, heat transfer coefficient calculation process will be introduced and 
heat transfer coefficient values will be calculated and compared. The effect of different 
operating conditions will be discussed by assessing the variations in heat transfer 
coefficient. Finally, the impact of Helium will be explored. 
5.1. Heat Transfer Coefficient Calculation 
The circular tube is divided into eleven segments by creating ten plates equally 
spaced, as shown in Figure 5.1. The tube is placed along x-axis, with the origin set at the 
inlet of the adiabatic section. Plane 1 is created at x=0.2m, the following planes are 
created with 0.05m increment, which gives plane 2 at x=0.25m, plane 3 at x=0.3m till 
plane 10 at x=0.65m, outlet is set at x=0.7m. 
 
 
Figure 5.1  Tube stations setup 
 
5.1.1. Calculation Process 
The heat transfer coefficient is calculated by using the ratio of heat flux and 
temperature difference between the 𝑆𝐶𝑂2 fluid and the inner wall, shown below: 
ℎ =
𝑞
𝑇𝑤,𝑎௩𝑒 − 𝑇𝑏,𝑎௩𝑒
 (7) 
where 𝑇𝑤,𝑎௩𝑒 is the arithmetic average value of ten length-averaged wall temperature, 
𝑇𝑏,𝑎௩𝑒 is the mean bulk temperature of 𝑆𝐶𝑂2, calculated from area-weighted average of 
the inlet and outlet temperature of the test section, as given below. To eliminate the effect 
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of small variations of constant pressure specific heat at each location, 𝑇𝑏 is calculated by 
using the integration of 𝐶𝑝 in both numerator and denominator. 
𝑇𝑤,𝑎௩𝑒 =
∑ 𝑇𝑤,௝
10
௝=1
10
 
(8) 
𝑇𝑏,𝑎௩𝑒 =
𝑇𝑏,𝑖𝑛 + 𝑇𝑏,𝑜𝑢𝑡
2
 
(9) 
𝑇𝑏,𝑜𝑢𝑡 =
∫ 𝐶𝑝𝜌𝑢𝑇𝑑𝐴
 
𝐴
∫ 𝐶𝑝𝜌𝑢𝑑𝐴
 
𝐴
 
(10) 
Average heat transfer coefficients are calculated based on the variation of inlet 
temperature. To explore the effectiveness of the adiabatic section in front of the heated 
wall, bulk temperature is calculated at tested location and is compared with given 
temperature, as shown in Figure 5.2.  
 
 
Figure 5.2  Bulk temperature test for adiabatic section 
 
For Whe ³GiYen´ condiWion, the adiabatic section is assumed to be perfectly adiabatic, 
which makes 𝑇𝑏,𝑖𝑛 eqXal Wo inleW WemperaWXre. For Whe ³CalcXlaWed´ condiWion, bulk 
temperature is calculated by using equation (10) at test location.  
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Table 5.1  
Effect of adiabatic section in mean bulk temperature calculation 
 
 
From the average heat transfer coefficient percentage difference shown above, the 
influence of adiabatic section is negligible. For convenience, mean bulk temperature at 
the inlet of heated wall is assumed to be the same as given inlet temperature. 
Inlet temperature is in the range from 20℃ to 45℃, more points are used near pseudo-
critical temperature 𝑇𝑝௖ to describe the summit region of heat transfer coefficient 
distribution more accurately. 𝑇𝑝௖ of 𝑆𝐶𝑂2 as function of pressure can be best fitted by the 
following equation:  
𝑇𝑝௖ = −122.6 + 6.124𝑝 − 0.1657𝑝
2 + 0.01773𝑝2.5 − 0.0005608𝑝3 (11) 
where the pseudo-critical temperature 𝑇𝑝௖ is in ℃ and the pressure 𝑝 is in bar. It gives 
that 𝑇𝑝௖ = 34.6℃ ሺ307.75𝐾ሻ when 𝑝 = 80 𝑏𝑎𝑟 (Liao & Zhao, 2002). Dimensionless 
fluid bulk temperature 𝑇𝑏/𝑇𝑝௖ is a good method to visualize the difference between bulk 
temperature and pseudo-critical temperature. Note that the unit of the temperature is K 
when calculating the ratio 𝑇𝑏/𝑇𝑝௖. 
 
33N31 306.15 306.1498 2147.57 2147.60 -0.002%
34N31 307.15 307.1497 2668.45 2677.44 -0.337%
35N31 308.15 308.1495 4572.65 4579.00 -0.139%
36N31 309.15 309.1493 5379.59 5375.07 0.084%
37N31 310.15 310.1492 5181.93 5166.00 0.307%
38N31 311.15 311.1491 4611.57 4612.40 -0.018%
39N31 312.15 312.1490 4038.69 4039.35 -0.016%
40N31 313.15 313.1489 3564.61 3565.17 -0.016%
Tb,in
(Calculated)
Avg HTC
(Given)
Avg HTC
(Calculated)
Avg HTC
% Difference
Case Tb,in
(Given)
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Table 5.2  
Heat transfer coefficient calculation process for case N30 
 
 
As shown in Figure 5.3, average local wall temperature linearly decreases after 
station 1 in the flow direction. From station 2 to station 10, a linear trend line can be 
created with the 𝑅2 value equals to 0.9997, which proves the high linearity, indicating the 
flow is fully developed in this region.
20N30 292.245 283.558 282.627 281.821 280.940 280.127 279.383 278.638 277.866 277.068
25N30 297.279 289.258 288.460 287.737 286.926 286.186 285.511 284.834 284.131 283.403
30N30 302.366 295.524 294.911 294.322 293.634 293.016 292.452 291.887 291.299 290.686
31N30 303.403 296.950 296.393 295.844 295.197 294.616 294.086 293.554 292.999 292.421
32N30 304.457 298.515 298.025 297.529 296.936 296.402 295.914 295.424 294.913 294.378
33N30 305.542 300.333 299.923 299.500 298.988 298.523 298.096 297.668 297.218 296.745
34N30 306.694 302.700 302.418 302.121 301.753 301.404 301.083 300.760 300.420 300.061
34.5N30 307.305 304.258 304.070 303.873 303.631 303.386 303.159 302.930 302.688 302.430
35N30 307.832 305.450 305.329 305.201 305.050 304.893 304.742 304.594 304.439 304.275
35.5N30 308.273 306.086 305.984 305.880 305.763 305.642 305.524 305.408 305.288 305.163
36N30 308.696 306.479 306.384 306.285 306.180 306.071 305.964 305.859 305.754 305.647
36.5N30 309.127 306.766 306.671 306.576 306.474 306.372 306.272 306.174 306.076 305.975
37N30 309.565 307.015 306.914 306.816 306.715 306.613 306.512 306.415 306.321 306.226
38N30 310.457 307.427 307.311 307.204 307.100 306.998 306.899 306.802 306.706 306.610
39N30 311.367 307.792 307.658 307.539 307.426 307.318 307.212 307.111 307.013 306.916
40N30 312.290 308.148 307.987 307.852 307.728 307.609 307.496 307.388 307.283 307.181
45N30 317.012 310.502 310.086 309.759 309.486 309.241 309.016 308.807 308.612 308.431
50N30 321.833 313.560 312.903 312.369 311.910 311.498 311.115 310.757 310.421 310.104
20N30 281.427 293.15 736563.0 2576.4 285.893 289.522 16.372 1482.54
25N30 287.372 298.15 841487.6 2883.2 291.855 295.003 21.853 1572.72
30N30 294.010 303.15 1079756.0 3617.8 298.455 300.802 27.652 1766.60
31N30 295.546 304.15 1180657.6 3936.1 299.956 302.053 28.903 1844.31
32N30 297.249 305.15 1341026.9 4446.5 301.592 303.371 30.221 1960.32
33N30 299.254 306.15 1662779.9 5479.6 303.452 304.801 31.651 2163.24
34N30 301.941 307.15 2791845.0 9132.6 305.701 306.425 33.275 2676.14
34.5N30 303.773 307.65 5429938.5 17692.9 306.900 307.275 34.125 3426.75
35N30 305.180 308.15 10129485.0 32934.3 307.567 307.858 34.708 4481.30
35.5N30 305.901 308.65 10525315.0 34184.1 307.901 308.275 35.125 5054.66
36N30 306.332 309.15 8996129.0 29194.7 308.143 308.646 35.496 5184.87
36.5N30 306.648 309.65 7369698.5 23899.1 308.367 309.008 35.858 5084.33
37N30 306.911 310.15 6118524.5 19827.2 308.592 309.371 36.221 4878.83
38N30 307.352 311.15 4497802.5 14553.3 309.058 310.104 36.954 4360.29
39N30 307.735 312.15 3537937.8 11429.3 309.549 310.849 37.699 3853.56
40N30 308.096 313.15 2915150.8 9401.7 310.066 311.608 38.458 3417.55
45N30 310.095 318.15 1590308.3 5081.1 312.985 315.567 42.417 2192.93
50N30 312.419 323.15 1142721.9 3612.4 316.329 319.739 46.589 1639.43 1.0390
1.0254
0.9586
0.9815
0.9904
0.9985
1.0017
1.0041
1.0076
1.0125
0.9858
0.9957
1.0004
1.0029
1.0053
1.0101
Avg HTC Tb/Tpc (Tpc=307.75K)
0.9408
0.9774
Case Tw,ave Tb,in
(Given)
Tb,out Tb,avg [K] Tb,avg [C]
5 6 7 8 9 10Case 1 2 3 4
න 𝐶𝑝𝑇
 
 
𝜌𝑢𝑑𝐴 න 𝐶𝑝
 
 
𝜌𝑢𝑑𝐴
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Figure 5.3  Wall temperature in the flow direction 
 
5.1.2. Model Validation 
In order to validate the reliability and accuracy of the numerical model in the present 
work, experimental validations in the circular tube under cooling condition is carried out. 
The experimental results for the local heat transfer in circular tube conducted by Dang 
and Hihara (2004) is employed.  
Comparison between experimental and numerical heat transfer coefficient is shown in 
Figure 5.4. It can be seen that the present numerical data is in good agreement with the 
experimental results, all within 10% error.  
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Figure 5.4  Comparison between numerical results and experimental data 
 
5.1.3. Effect of Heat Flux 
The effect of heat flux on local heat transfer performance of supercritical 𝐶𝑂2 is 
investigated under following conditions: tube diameter 𝑑 = 6𝑚𝑚, operating pressure 
𝑝 = 8𝑀𝑃𝑎, inlet temperature 𝑇𝑖𝑛 = 309.15𝐾, heat flux values are 𝑞1 = −12000𝑊/
𝑚2and 𝑞2 = −24000𝑊/𝑚2. 
As shown in Figure 5.5, under the same heat flux condition, the wall temperature on 
the top surface is always higher than that on the bottom surface, which is due to buoyance 
effect. On the bottom surface, temperature decreases faster in the flow direction. 
According to heat transfer coefficient calculation equation (7), when the difference 
between wall temperature and bulk temperature is larger, apply constant heat flux will 
lead to smaller heat transfer coefficient, which represents worse heat transfer 
performance.  
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Figure 5.5  Wall temperature distribution in the flow direction 
 
Figure 5.6 illustrates the heat transfer coefficient at different locations in the flow 
direction. It can be seen that peaks exist on the top surface under both heat flux 
conditions, the peak shifts upstream when heat flux is higher. Similar to wall temperature 
distribution, heat transfer coefficient on the bottom surface decreases more rapidly when 
heat flux is larger. 
The temperature distributions on the cross-sections in the flow direction is 
demonstrated in Figure 5.7. There exists obvious stratification at each location due to the 
rapid change of fluid properties in the near wall region. The temperature gradient 
becomes larger in the top region with the increment of x/D ratio. 
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Figure 5.6  Heat transfer coefficient in the flow direction 
 
 
Figure 5.7  Temperature contours for different cross-sections in the flow direction 
 
5.1.4. Effect of Inlet Mass Flux 
Mass flux has substantial influence on local heat transfer characteristics of 
supercritical 𝐶𝑂2. The effect of inlet mass flux is investigated under conditions that tube 
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diameter 𝑑 = 6𝑚𝑚, operating pressure 𝑝 = 8𝑀𝑃𝑎, inlet temperature 𝑇𝑖𝑛 = 309.15𝐾, 
heat flux is 𝑞 = −12000𝑊/𝑚2, mass flux values are 𝐺1 =
200, 300, 600, 900, 1200 𝑘𝑔/𝑚2𝑠. 
The local wall temperature is calculated at a unit length of 0.001m from the inlet of 
heated wall to outlet, using length average function at each location. As shown in Figure 
5.8, when inlet mass flux is 200 𝑘𝑔/𝑚2𝑠, local wall temperature decreases sharply from 
inlet to outlet, with the variaWion of 1.1ႏ. HoZeYer, ZiWh Whe incremenW of inleW mass 
flux, temperature on local wall decreased less from inlet to the end, with the variation of 
0.23ႏ when inlet mass flux is 1200 𝑘𝑔/𝑚2𝑠. 
The local heat transfer coefficient is calculated at each location with a unit length of 
0.001m from inlet of heated wall to outlet. Local wall and bulk temperature are calculated 
at the same locations by using the following method: 
𝑇𝑤,𝑙𝑜௖𝑎𝑙 = 𝑇𝑤,𝑖   𝑤ℎ𝑒𝑟𝑒 𝑖 = 1, 2, 3, … , 500 (12) 
𝑇𝑏,𝑙𝑜௖𝑎𝑙 = 𝑇𝑏,𝑜𝑢𝑡 =
∫ 𝐶𝑝𝜌𝑢𝑇𝑑𝐴
 
𝐴
∫ 𝐶𝑝𝜌𝑢𝑑𝐴
 
𝐴
 
(13) 
ℎ𝑙𝑜௖𝑎𝑙 =
𝑞
𝑇𝑤,𝑙𝑜௖𝑎𝑙 − 𝑇𝑏,𝑙𝑜௖𝑎𝑙
 (14) 
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Figure 5.8  Local wall temperature in flow direction 
 
 
Figure 5.9  Local heat transfer coefficient in flow direction 
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The average heat transfer coefficient is calculated by using the same method 
mentioned in section 5.1.1, wall temperature is calculated by using arithmetic average 
values and bulk temperature is calculated by using the average temperature at the inlet 
and outlet of the heat transfer section. 
As shown in Figure 5.9, the heat transfer coefficient variation in flow direction is 
small when inlet mass flux are 200 and 300 𝑘𝑔/𝑚2𝑠, but increases gradually when inlet 
mass flux are 600, 900 and 1200 𝑘𝑔/𝑚2𝑠. Therefore, it is safe to make the assumption 
that average heat transfer coefficient can represent the whole tube when heat flux is 
small. 
As shown in Figure 5.10, comparison of the average heat transfer coefficient at 
different mass flux by using the same 36℃ inlet temperature shows that increasing inlet 
mass flux causes a huge increase in heat transfer coefficient, mainly due to turbulence 
diffusion. The relation between average heat transfer coefficient and mean bulk 
temperature can be described using a power trendline.  
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Figure 5.10  Average heat transfer coefficients 
 
5.1.5. Effect of Inlet Temperature 
In order to investigate the heat transfer coefficient in the vicinity of pseudo-critical 
temperature 𝑇𝑝௖, different inlet temperature is selected. Figure 5.11 illustrates the relation 
of heat transfer coefficient with dimensionless bulk temperature in the direction of fluid. 
It can be seen that the peak value appears when Tb/Tpc is slightly larger than 1, which 
means when mean bulk temperature is slightly larger than the pseudo-critical 
temperature.  
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Figure 5.11  Average heat transfer coefficient with dimensionless temperature 
 
Thermal-physical properties in the near-wall region are critical to heat transfer 
performance, the peak of heat transfer coefficient appears when the temperature of near-
wall region reaches pseudo-critical temperature. During the cooling process inside a tube, 
temperature in the near-wall region decreases faster than that in the center region of the 
tube. Figure 5.12 shows the temperature along the tube. It can be seen that wall 
temperature reaches the pseudo-critical temperature much earlier than bulk temperature, 
which represents that 𝑇𝑏 > 𝑇𝑤when 𝑇𝑤 = 𝑇𝑝௖, making 
𝑇𝑏
𝑇𝑝೎
= 1. 
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Figure 5.12  Length average wall temperature variation in the flow direction 
 
5.1.6. Pressure Drop and Friction Factor 
Figure 5.13 and Figure 5.14 illustrate the variations in the pressure drop and friction 
factor with mean bulk temperature in 𝑆𝐶𝑂2 fluid separately.  Pressure drop and fraction 
factor are calculated as shown: 
∆𝑝𝑓 = ∆𝑝 −
𝜌𝑜𝑢𝑡𝑢𝑜𝑢𝑡
2 − 𝜌𝑖𝑛𝑢𝑖𝑛
2
2
 
(15) 
𝑓 =
∆𝑝𝑓
1
2 𝜌𝑏𝑢𝑏
2
∗
𝑑
𝐿
 
(16) 
where 𝜌 is density, 𝑢 is velocity, 𝑑 is diameter of the tube, 𝐿 is the length of the heat 
transfer section, subscript 𝑖𝑛 and 𝑜𝑢𝑡 represent the locations, which are inlet and outlet of 
the heat transfer section, respectively. Calculated pressure drop and friction factor are 
compared with the previously determined correlations, Gnielinski equation which is 
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based on the thermophysical properties at the wall and bulk temperature of the fluid for 
turbulent flow in tubes (Gnielinski, 1975): 
𝑓 = ሾ1.82𝑙𝑔𝑅𝑒𝑏 − 1.64ሿ
−2 (17) 
𝑅𝑒𝑏 =
𝐺𝑑
𝜇𝑏
 
(18) 
where G is the mass flux, 𝑑 is diameter of the tube, 𝜇𝑏 is the viscosity measured at 
mean bulk temperature. 
As shown in Figure 5.13, when temperature is in the vicinity of 𝑇𝑝௖, the value of 
pressure drop increases sharply with the increment of temperature. Similar to this, in the 
figure of friction factor, friction factor near 𝑇𝑝௖ decreases significantly when mean bulk 
temperature becomes larger. However, a local peak exists near 𝑇𝑝௖. The difference 
between calculated data and values by using Gnielinski correlation is small, the average 
percentage difference is 7.51%. 
 
 
Figure 5.13  Pressure drop comparison 
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Figure 5.14 Friction factor comparison 
 
5.1.7. The Sensitivity of Reference Temperature for Cooling 
As shown in Figure 5.15, the process adopted to calculate heat transfer coefficient is 
using 11 planes to divide the heated wall into 10 segments, the circumferential 
temperature on the first 10 planes, from station 1 to station 10, are deemed as reference 
temperature to calculate local wall temperature.  
𝑇𝑤,𝑎௩𝑒 =
∑ 𝑇𝑤,௝
10
௝=1
10
 
(19) 
𝑇𝑏,௝ =
∫ 𝐶𝑝𝜌𝑢𝑇𝑑𝐴௝
 
𝐴ೕ
∫ 𝐶𝑝𝜌𝑢𝑑𝐴௝
 
𝐴ೕ
 
(20) 
𝑇𝑏,𝑎௩𝑒 =
𝑇𝑏,1 + 𝑇𝑏,10
2
 
(21) 
ℎ =
𝑞
𝑇𝑤,𝑎௩𝑒 − 𝑇𝑏,𝑎௩𝑒
 (22) 
In order to investigate the influence of different reference temperature choices, the 
following cases are conducted to explore the variations of heat transfer coefficient. For 
each case, the inlet temperature is set to be in the range of 33ႏ Wo 40ႏ. 
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Figure 5.15  Tube stations for reference setting 
 
For the first case, instead of choosing the first 10 planes, the reference temperature is 
set by neglecting the first plane, using planes from station 2 to station 11.  
𝑇𝑤,𝑎௩𝑒 =
∑ 𝑇𝑤,௝
11
௝=2
10
 
(23) 
𝑇𝑏,𝑎௩𝑒 =
𝑇𝑏,2 + 𝑇𝑏,11
2
 
(24) 
For the second case, all temperature at all 11 stations will be chosen as reference.  
𝑇𝑤,𝑎௩𝑒 =
∑ 𝑇𝑤,௝
11
௝=1
11
 
(25) 
𝑇𝑏,𝑎௩𝑒 =
𝑇𝑏,1 + 𝑇𝑏,11
2
 
(26) 
For the third case, CFD-post imbedded function is used to calculate area average wall 
temperature for the entire heated wall directly, bulk temperature is calculated by using the 
same method as the original one. 
For the fourth case, logarithmic mean temperature difference (LMTD) method is 
adopted to calculate average temperature difference between bulk temperature and wall 
temperature. 
𝐿𝑀𝑇𝐷 =
ሺ𝑇𝑏.𝑖𝑛 − 𝑇𝑤.𝑖𝑛ሻ − ሺ𝑇𝑏.𝑜𝑢𝑡 − 𝑇𝑤.𝑜𝑢𝑡ሻ
𝑙𝑛 ሾ ሺ𝑇𝑏.𝑖𝑛 − 𝑇𝑤.𝑖𝑛ሻሺ𝑇𝑏.𝑜𝑢𝑡 − 𝑇𝑤.𝑜𝑢𝑡ሻ  ሿ  (27) 
ℎ =
𝑞
𝐿𝑀𝑇𝐷
 (28) 
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Figure 5.16  Tube stations for the fifth case 
 
For the fifth case, to avoid the influence of initial heating section, the first upstream 
segment is not calculated. As shown Figure 5.16, sWaWions from 1¶ Wo 9¶ on Whe Xpper 
surface are created by using the middle station of each segment. Wall and bulk 
temperature are calculated at each station, arithmetic average of 9 stations are taken to 
calculate heat transfer coefficient. 
𝑇𝑤,𝑎௩𝑒 =
∑ 𝑇𝑤,௝ᇱ
9
௝=1
9
 
(29) 
𝑇𝑏,𝑎௩𝑒 =
∑ 𝑇𝑏,௝ᇱ
9
௝=1
9
 
(30) 
ℎ =
𝑞
𝑇𝑤,𝑎௩𝑒 − 𝑇𝑏,𝑎௩𝑒
 (31) 
The result of validation is shown in Figure 5.17 and Figure 5.18, the heat transfer 
coefficients of experiment and simulation are compared to assess the effect of reference 
temperature. It can be found that all the cases except case 5 can compute the heat transfer 
coefficient well. The reason that case 5 fails is that the logarithmic mean temperature 
difference methodology is suitable for the analysis of heat exchanger, with its exponential 
temperature change. However, in this research, no heat exchanger is applied and 
temperature change is not exponential, which gives exaggerated heat transfer coefficient 
results. To have a better scale of the figure, case 5 is not plotted in Figure 5.18. Error bars 
are used with 10% error amount for each experimental data. 
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Figure 5.17  Comparison of heat transfer coefficient values with case 5 
 
 
Figure 5.18  Comparison of heat transfer coefficient values without case5 
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As shown in Figure 5.18, case 1, 3 always have larger heat transfer coefficients than 
case 2, 4, 6. Case 1 has the highest values in all cases, this is due to the mechanism that in 
case 1 and case 3, temperature at station 1 is taken into consideration, which has a higher 
value due to entrance effect. Before temperature reaches the Tpc, only case 1 matches the 
experimental data well, all the other cases have lower values, but still in 10% error range. 
However, when temperature is larger than Tpc, experimental data falls between case 1, 3 
and case 2, 4, 6, all the cases are still in the 10% error range. As shown in Figure 5.19, in 
the vicinity of the peak, case 2 has the closest values, followed by case 6.  
The sensitivity of heat transfer coefficients by applying different cases mentioned 
above is high. For example, in the vicinity of peak, when temperature is around 308.5K, 
all the predicted heat transfer coefficients fall in the 10% error bar, but the difference of 
heat transfer coefficients for all the cases is 518.39𝑊/𝑚2𝐾, 10.45% of the closest 
experimental data value.  
In conclusion, due to the sensitivity of reference temperature, more attention need to 
be paid when choosing reference temperature to calculate a more accurate heat transfer 
coefficient. Within the 10% error range, case 2 and case 6 have a better prediction than 
all the other cases, especially in the vicinity of the peak, which is the interest of this 
research. 
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Figure 5.19  Comparison of heat transfer coefficient values in the peak region 
 
5.1.8. Heating and The Buoyancy Effect 
Compared with 𝑆𝐶𝑂2 flow in circular pipe under cooling condition, horizontal tube 
with heated 𝑆𝐶𝑂2 has extensive applications in industry, such as the printed circuit heat 
exchanger (PCHE) (Mylavarapu, Sun, Figley, Needler & Christensen, 2009; Kruizenga, 
Li, Anderson & Corradini, 2012)  
As shown in Figure 5.20, inlet temperature is from 303.15K to 313.15K, pressure is 8 
MPa, inlet mass flux is 200 𝑘𝑔 𝑚2𝑠⁄ , constant heat flux applied on the wall is 
12000 𝑊 𝑚2⁄ . The peak values for heating and cooling conditions differ a lot, the reason 
is 𝑆𝐶𝑂2 displays liquid-like properties in the near wall region of a cooled tube, while in a 
heated tube, 𝑆𝐶𝑂2 performs like gas, according to Figure 4.1. 
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Figure 5.20  Comparison between heating and cooling conditions 
 
Figure 5.21 illustrates the distributions of the wall temperature on the top, bottom 
surfaces and length average values along the tube under both heating and cooling 
conditions, with inlet temperature equals 309.15K, heat fluxes equal 12000𝑊/𝑚2 and 
−12000𝑊/𝑚2, respectively. The large temperature change can be clearly observed on 
the bottom surface under heating condition and on the top surface under cooling 
condition due to buoyancy effect. Under heating condition, the wall temperature on the 
bottom surface increases more rapidly than that on the top surface, which indicates that 
heat transfer is enhanced in the bottom region.  
The main reason for this is that buoyancy leads to greater velocity gradient in the 
bottom region, which creates high turbulence intensity, more heat is able to be delivered 
from the wall to fluids. In the same way, heat transfer performs better in the top region 
under cooling condition. It can also be found that buoyancy has stronger effect under 
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heating conditions than under cooling condition, which is the reason that heat transfer 
enhancement is larger in heated tubes. 
 
 
Figure 5.21  Wall temperature under heating and cooling conditions in flow direction 
 
Different buoyancy criteria are presented by researchers to estimate the onset and 
significance of the effect of buoyancy on heat transfer coefficient in a horizontal pipe 
flow. There exist three commonly used criteria, the first one is introduced by McEligot 
(1965), bXo\anc\ can¶W be ignored in a horizontal flow setup when 
𝐵𝑢𝐶 =
𝐺𝑟𝑏
𝑅𝑒𝑏
2 > 10
−3 
(32) 
The second criterion was proposed by Jackson (1979), who considered the heating 
length, which is given by 
𝐵𝑢𝐽 =
𝐺𝑟𝑏
𝑅𝑒𝑏
2 (
𝜌𝑏
𝜌𝑤
൰ (
𝑙
𝐷
൰
2
> 10 
(33) 
where 𝑙 is heating length. 
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The third criterion was presented by Jackson as well, which is defined as follow 
𝐵𝑢𝐽ᇱ =
𝐺𝑟𝑏
𝑅𝑒𝑏
2.7 > 10
−5 
(34) 
In the three buoyancy criteria above, 𝐺𝑟𝑏, 𝑅𝑒𝑏, 𝜌𝑤 and 𝜌𝑏are defined as  
𝐺𝑟𝑏 =
ሺ𝜌𝑤 − 𝜌𝑏ሻ𝜌𝑏𝑔𝑑
3
𝜇𝑏
2  
(35) 
𝑅𝑒𝑏 =
𝐺𝑑
𝜇𝑏
 
(36) 
𝜌𝑤 =
∑ 𝜌𝑤,௝
10
௝=1
10
 
(37) 
𝜌𝑏 =
∑ 𝜌𝑏,௝
10
௝=1
10
 
(38) 
where subscript 𝑏 represents bulk, 𝑤 represents wall. 
Generally, when 𝐵𝑢𝐶 > 10−3, heat transfer will be significantly affected by natural 
convection due to buoyancy effect, when 0.1 < 𝐵𝑢𝐶 < 10, natural convection and forced 
convection will have comparable impact on heat transfer; when 𝐵𝑢𝐶 > 10, natural 
convection will be primary factor in heat transfer.  
Figure 5.22, Figure 5.23 and Figure 5.24 show the values of different buoyancy 
parameters calculated by using reference temperature case 2, under both heating and 
cooling conditions. For both heating and cooling conditions, all three buoyancy 
parameWers are larger Whan Whe Whreshold, Zhich means bXo\anc\ can¶W be neglecWed.  
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Figure 5.22  Buoyancy parameter 𝐵𝑢𝐶 under heating and cooling conditions 
 
 
Figure 5.23  Buoyancy parameter 𝐵𝑢𝐽 under heating and cooling conditions 
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Figure 5.24  Buoyancy parameter 𝐵𝑢𝐽ᇱ under heating and cooling conditions 
 
Figure 5.25 illustrates the effect of gravity on heat transfer coefficient. Under cooling 
condition, the heat transfer coefficient with gravity is slightly larger than that without 
gravity for the entire heat transfer section. It indicates that the buoyancy effect caused by 
gravity under cooling condition enhances the heat transfer coefficient. However, under 
heating condition, heat transfer coefficient with gravity is lower than that without gravity 
in the vicinity of peak, which represents heat transfer deteriorates, and little difference is 
shown out of the peak region.  
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Figure 5.25  Effect of gravity on heat transfer coefficient 
 
5.1.9. Effect of Adiabatic Section After Outlet 
In some numerical studies, an extra adiabatic section is employed after the outlet of 
the heat transfer section, in the purpose of eliminating downstream disturbance effects. 
However, the analysis of determining the length of this adiabatic section is not mentioned 
in most papers. The analysis is necessary because if the length is not long enough, it may 
affect numerical results, but if the length is too long, computational power and 
calculation time will be wasted. 
Five different length of adiabatic sections are created and connected to the original 
outlet of heat transfer section. The lengths are 100mm, 150mm, 200mm, 250mm and 
300mm. Wall shear stress values are calculated when inlet the temperature is 309.15K for 
all the cases. 
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Figure 5.26  Wall shear stress for different adiabatic sections after original outlet 
 
 As shown in Figure 5.26, when the length of adiabatic section is 100mm, wall shear 
stress is still decreasing. However, when the length is longer than 150mm, the values of 
wall shear stress vary around 0.245, which means further increase the length would not 
affect the result too much. Heat transfer coefficients of the new geometries with adiabatic 
sections added are also calculated and compared with the original case in this research, 
when 150mm adiabatic section is employed, heat transfer coefficient is 4724.44 𝑊
𝑚2𝐾
, 
3.04% difference from the original data, 4870.52 𝑊
𝑚2𝐾
, which is negligible.  
5.2. Helium and Carbon Dioxide Mixture 
The 𝑆𝐶𝑂2 power cycles are complex system, carbon dioxide provided in the cycles is 
not 100% pure, usually contains impurities such as 𝐻𝑒, 𝐶𝑂, 𝑂2, 𝑁2, 𝐻2, 𝐶𝐻4 or 𝐻2𝑆 
which are contained in the fuel or cooling flow (Manikantachari, Vesely, Martin, Bobren-
Diaz & Vasu, 2018). Different quantities of the impurities might significantly change the 
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thermophysical properties of supercritical 𝐶𝑂2 flow and greatly affect the heat transfer 
performance as well as the overall efficiency of the power cycle.  
In this section, heat transfer analysis of helium and carbon dioxide binary mixtures 
under supercritical condition is conducted, different heat transfer coefficients are 
compared with pure 𝑆𝐶𝑂2 to explore the impact of mixture concentration. In the mixture 
setup, 𝐶𝑂2 with mass fractions of 0% (pure Helium), 50%, 60%, 70%, 75%, 80%, 85%, 
90%, 93%, 95%, 100% (pure 𝐶𝑂2) are created to calculate heat transfer coefficient when 
inlet temperature is 36℃. 𝐶𝑂2 with mass fractions of 75%, 85%, 95% and 100% (pure 
𝐶𝑂2) are also calculated when the inlet temperature is in the range of 20℃ to 45℃ to 
investigate the local wall temperature in the flow direction along the tube. 
Figure 5.27 gives the distributions of temperature in the flow direction along the tube 
wall when inlet temperature is 309.15K. For pure 𝐶𝑂2 after the entrance, temperature 
variation along the tube is little, with temperature change of 3K between inlet and outlet. 
When the mass fraction of Helium is 5%, temperature varies greatly from the inlet to the 
outlet of the tube, which gives the strongest cooling effect, with a temperature difference 
of 28.9K, nine times larger than that in pure 𝐶𝑂2 condition. However, when the 
concentration of 𝐶𝑂2 decreases, temperature change along the tube becomes smaller, the 
effect of cooling gets less significant. When pure helium is employed, the temperature 
variation is the least comparing with all the mixtures, but still larger than pure 𝐶𝑂2. 
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Figure 5.27  Wall temperature in the flow direction for mixtures 
 
Figure 5.28 illustrates the heat transfer coefficients of different concentrations of the 
binary mixtures. Eight inlet temperature values are selected for each mixture. As shown, 
when 𝐶𝑂2 is not pure, there is no peak in heat transfer coefficient any more, the trends 
are rather flat instead. Similar to the wall temperature distributions, mixture consists of 
95% mass fraction of 𝐶𝑂2 has the strongest cooling effect, which gives the lowest heat 
transfer coefficient. When the same inlet temperature is chosen, such as 309.15K, the 
difference of heat transfer coefficient value between pure 𝐶𝑂2 and binary mixtures can be 
as large as 4340.67𝑊/𝑚2𝐾, which is 83% less than the value under pure 𝐶𝑂2 condition.  
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Figure 5.28  Heat transfer coefficient for mixtures 
 
Figure 5.29 and Figure 5.30 shows the variations of pressure drop and friction factor 
with mean bulk temperature for mixtures. Different from Figure 5.13 and Figure 5.14, 
there is no sharp increase in pressure drop nor significant decrease in friction factor in the 
vicinity of 𝑇𝑝௖. However, with the decrease of concentration of 𝐶𝑂2, pressure drop 
increases. As plotted, the last point for each concentration, when inlet temperature is 
318.15K, pressure drop percentage difference between pure 𝐶𝑂2 and 95% 𝐶𝑂2 is 
79.26%, 85% 𝐶𝑂2 is 124.31%, 75% 𝐶𝑂2 is 144.12%. When 𝐶𝑂2 is pure, friction factor 
decreases with the increase of mean bulk temperature. However, friction factor increases 
when mean bulk temperature becomes larger. Also, with the decrease of 𝐶𝑂2 
concentration, friction factor has a larger value when inlet temperature is the same. 
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Figure 5.29  Pressure drop for mixtures 
 
 
Figure 5.30  Friction factor for mixtures 
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6. Conclusions and Recommendations 
In this section, all the major conclusions from this research will be listed. Based on 
the conclusions, recommendations will be provided for the future research.  
6.1. Conclusions 
The local convection heat transfer of 𝑆𝐶𝑂2 flowing in a circular tube under cooling 
and heating conditions are numerically investigated by using SST 𝑘 − 𝜔 turbulance 
model in software ANSYS CFX and ANSYS FLUENT. The numerical results are in 
good agreement with the experimental results. The main conclusions are obtained as 
follows:  
1. The wall temperature distribution is non-uniform, on the top surface the 
temperature is higher than that on the bottom surface under cooling condition due 
to the buoyancy effect. Larger heat flux leads to greater temperature difference. 
Larger inlet mass flux leads to smaller variations in the flow direction. 
2. Peaks of the heat transfer coefficient exist in the vicinity of pseudo-critical 
temperature for both heating and cooling conditions, but the peak value in 
cooling condition is much higher than that under heating condition due to the 
liquid-like and gas-like property difference. 
3. Gnielinski correlation is a good way to evaluate pressure drop and friction factor 
in 𝑆𝐶𝑂2 flow in horizontal tube setting. 
4. Within the 10% error range, two reference temperature settings have a better 
prediction of heat transfer coefficient than others. 
5. The bXo\anc\ effecW in Whe research seWWing can¶W be ignored, proved by existing 
buoyancy criteria. 
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6. 150mm is the ideal length of adiabatic section after the outlet. 
7. Cooling effect is the strongest and the heat transfer coefficient is minimum when 
5% mass fraction of Helium is applied, the cooling effect gradually decreases and 
the heat transfer coefficient gradually increases with the increment of Helium 
mass fraction. No peak exists in heat transfer coefficient when Helium is mixed 
under original critical condition. No sharp increase in pressure drop nor 
significant decrease in fraction factor in the vicinity of 𝑇𝑝௖. Pressure drop 
increases with the increment of Helium mass fraction. 
6.2. Recommendations 
It is recommended to further investigate the influence in different reference 
temperature settings under various operating conditions to determine the best one. It is 
also recommended to improve the accuracy of current buoyancy effect criteria, the 
current criteria value is too small to accurately predict the onset of the buoyancy effect. 
Additionally, a larger mean bulk temperature range is recommended to be applied to 
further explore the heat transfer coefficient of Helium mixture.
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